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PFrequency and Distribution
of Thin-Cap Fibroatheroma and
Ruptured Plaques in Human Coronary Arteries
A Pathologic Study
Pavan K. Cheruvu, MSC,* Aloke V. Finn, MD,† Craig Gardner, PHD,‡ Jay Caplan, BS,‡
James Goldstein, MD,§ Gregg W. Stone, MD, Renu Virmani, MD,¶ James E. Muller, MD‡
Boston and Burlington, Massachusetts; Royal Oak, Michigan; New York, New York;
and Gaithersburg, Maryland
Objectives Our purpose was to quantify the frequency and distribution of suspected vulnerable lesions, defined as thin-
capped fibroatheroma (TCFA) and ruptured plaque, in human coronary artery autopsy specimens.
Background Most acute coronary events and sudden death are believed to arise from rupture of a TCFA followed by
thrombosis. Although there is general agreement that clinical events are usually caused by focal lesions,
there is considerable debate over the relative importance of focal versus systemic factors in the pathogene-
sis of atherosclerosis.
Methods We longitudinally sectioned coronary arteries from 50 whole hearts taken from patients (mean age 73 years,
64% men) dying of cardiovascular (n  33), noncardiovascular (n  13), and unknown (n  4) causes. A total of
3,639 longitudinal segments of length 3 mm were sectioned from 148 arteries, accounting for 10.9 m of total
tissue length. Specimens were classified on the basis of histology and computer-aided morphometry.
Results Twenty-three TCFA and 19 ruptured plaques were found (mean  SD: 0.46  0.95 and 0.38  0.70 per heart,
respectively), and these lesions accounted for only 1.6% and 1.2%, respectively, of the total length of the coro-
nary tree examined in patients dying of cardiovascular causes. The majority of TCFA and ruptured plaque local-
ized in the proximal third of the major coronary arteries, and in 92% of cases these lesions clustered within 2 or
fewer nonoverlapping 20-mm segments.
Conclusions The suspected precursors of rupture-mediated thrombosis occur in a limited, focal distribution in the coronary
arteries. (J Am Coll Cardiol 2007;50:940–9) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.04.086a
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aupture of an atheromatous plaque with superimposed
hrombosis is the accepted cause of most acute coronary
yndromes (ACS) and sudden coronary death (1–4). How-
ver, considerable debate exists regarding the number (5–8)
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007, accepted April 3, 2007.nd extent (9–11) of coronary plaques at risk of becoming
ulprit lesions.
See page 950
Atherosclerosis is now appreciated as a progressive,
hronic, inflammatory disease (12,13) with systemic mani-
estations (14). Early markers of inflammation, such as fatty
eposits (15), elevated C-reactive protein (16), and lympho-
yte activation (17), can be observed throughout the coro-
ary and peripheral systems of a single patient. It is not
nown, however, whether the areas at risk for rupture and
hrombosis are as diffuse as the pattern of inflammatory
nvolvement. A paradigm of diffuse coronary risk (18,19) is
upported by observations of multiple complex plaques (20)
nd multiple ulcerations (5,21) in patients with ST-segment
levation myocardial infarction.
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September 4, 2007:940–9 Focality of TCFA and Ruptured PlaqueAlternative hypotheses that allow for a focal distribution
f risk include: 1) multifocal injury, wherein many small
rterial segments throughout the coronary tree are predis-
osed to inflammation, disruption, and thrombosis; and
) limited focal injury, a condition of diffuse inflammation
hat is aggravated at 1 or a few “hot spots” toward disruption
nd thrombosis. Supporting the latter view, clinical experi-
nce shows that culprit lesions responsible for ACS and
udden death usually occur singly (20), and these lesions cluster
roximally in a few millimeters of the responsible coronary
essel (22,23). Limited data from autopsy studies, which link
hin-cap fibroatheromas (TCFAs) to plaque rupture and
ntracoronary thrombosis (24), suggest that TCFA are
parsely (3,8) and proximally (25) distributed in victims of
udden coronary death.
Whether the precursors to intracoronary thrombosis are
ocally or diffusely distributed in the coronary tree has major
mplications for ongoing efforts to identify (26–30) and
tabilize (31–34) vulnerable plaques before they cause cor-
nary events. We used a novel longitudinal sectioning with
omputer-aided morphometry to maximize detection of
CFA and ruptured plaque in this 3-vessel examination of
utopsied human hearts.
ethods
tudy population. Between October 2002 and February
004, 50 whole human hearts including proximal aorta were
eceived from National Disease Research Interchange, in
ccordance with applicable informed consent and privacy
egulations. National Disease Research Interchange is a
onprofit tissue procurement agency sponsored by the
ational Institutes of Health. We requested whole hearts
nvolving a mix of cardiovascular (CV) and non-CV causes
f death. No exclusions were requested for cause of death,
ast medical history, or gender. Hearts were immersed in
°C saline during storage and transport, and studied within
6 h of death. Upon receipt, epicardial coronary arteries
ere excised and processed for histology, as described in the
ollowing text. None of the donor cardiac tissues were saved,
ut histologic slides of coronary arteries and fixed segments
f arteries were retained and banked.
Age, gender, medical history, and cause of death were
btained from the National Disease Research Interchange.
he following terms were designated as CV cause of death
ased on data submitted by the National Disease Research
nterchange: “myocardial infarction,” “cerebrovascular acci-
ent,” “cardiac arrest,” “cardiomyopathy,” “congestive heart
ailure,” and “other cardiac.”
issue excision and processing. Upon receipt, each whole
eart was dissected to remove the right coronary artery, left
ircumflex artery, and left anterior descending artery. Dis-
ection of the right coronary artery began at the coronary
stium in the proximal aorta, and dissection of the left
nterior descending and left circumflex arteries began at the cstium with the left main artery.
n all locations, dissection ended
here the lumen diameter was
nsufficiently large to permit ex-
ision with simple surgical tools
0.5 mm). Arterial samples
ere cut into 20-mm longitudi-
al segments and washed with
aline to remove residual intralu-
inal thrombus or postmortem
lots. Approximately 2.5 mm on
ach end of the 20-mm segment
as immobilized and, therefore,
ot included in the analysis. Each segment was opened
engthwise by a longitudinal cut to expose the vessel lumen
Fig. 1). Gross specimens were photographed and care-
ully examined under a light source that illuminated the
xposed lumen. The anatomic orientation of the segment
as maintained by assigning 4 quadrant labels relative to
he myocardial surface of the artery. The luminal surface
f the exposed artery was immersed in nonionic green dye
or 12 h before cutting. The dye was then gently washed
ff the arterial surface, and the specimens were fixed and
ectioned. Areas of obvious rupture and ulceration of the
essel wall (based on histologic evidence of a major
ommunication between the plaque and the lumen)
ncorporated and retained the green dye within the
laque, whereas no visual evidence of the dye could be
ound in other areas. Hence, the presence of green dye
ithin a plaque that had possibly ruptured based on
istologic exam was considered evidence that a precutting
upture was present.
In the larger, more proximal segments, 2 longitudinal
uadrants 180° apart were processed for further histologic
xamination; in smaller, more distal segments, only 1
uadrant was processed. The specimens were fixed in
ormalin, and then decalcified for approximately 24 h to
void tissue distortion during processing. All specimens
ere embedded in paraffin. Fixation and embedding were
erformed in identically programmed Renaissance (Ventana
edical Systems Inc., Tucson, Arizona) or VIP (Tissue
ek, Sakura Finetek, Inc., Torrance, California) tissue
rocessors. Quadrants were cut longitudinally at 4 to 5 m,
nd parallel slides were stained with hematoxylin and eosin
nd the combined Verhoeff elastic-Gomori trichrome tech-
ique. High-resolution digital photographs of all slides were
cquired (QImaging, Ratiga 1300i, Olympus BX40, Surrey,
ritish Columbia, Canada).
laque analysis. During longitudinal sectioning of 20-mm
oronary segments, the ends were manually pinned down to
tissue block. Although we processed the entire 20-mm
egment through histology, we chose not to include 2.5-mm
ntervals on either end of each segment in our digital image
nalysis, out of concern that the tissue fixtures (pins) might
Abbreviations
and Acronyms
ACS  acute coronary
syndrome
CV  cardiovascular
MCFA  medium-capped
fibroatheroma
TCFA  thin-capped
fibroatheroma
ThCFA  thick-capped
fibroatheromaause artifactual damage. The middle 15 mm of each digital
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Focality of TCFA and Ruptured Plaque September 4, 2007:940–9mage of the tissue was graphically subdivided into five
-mm intervals for the purposes of analysis. All together,
,639 longitudinal intervals of length 3 mm were examined
n 148 coronary arteries, accounting for 10.9 m of total
oronary length. Order, location, and parent heart informa-
ion was recorded for all 3-mm intervals. An experienced
echnician, who was trained in the histologic analysis of this
ataset by a cardiac pathologist (R.V.), processed and classified
he specimens. The intervals were classified by the technician
s belonging to one of the following groups: ruptured plaque,
CFA, medium-cap fibroatheroma (MCFA), thick-cap
broatheroma (ThCFA), or other. For each ruptured
laque, 2 criteria were required: 1) presence of a necrotic
ore or lipid pool of any size; and 2) the presence of green
ye (described previously) in direct contact with the lipid
ool or necrotic core. For each plaque, these features were
onfirmed by the lead investigator (P.K.C.). Definitions for
he groups were derived from the Virmani-modified Amer-
can Heart Association scheme described previously (35).
Figure 1 Longitudinal Sectioning of Coronary Tissue
This section was taken from a 78-year-old Caucasian man, 1 week status postmyo
cut longitudinally at 20-mm increments to expose the vessel lumen. (C) Histology
trichrome stain. Red box expanded in D displaying a thin-capped fibroatheroma chll spots classified as fibroatheroma contained a nonzero (ecrotic area. Designation as TCFA required a minimum
brous cap thickness65 m; MCFA, between 65 and 100
m; and ThCFA, 100 m. Classification as ruptured
laque required the presence of a necrotic core and that the
ipid and/or necrotic core contacted the lumen of the vessel
documented by presence of dye injected into the artery
efore sectioning). When the core of a plaque was contin-
ous across several 3-mm segments and represented a single
esion, the most advanced plaque classification (ruptured
laque TCFAMCFA ThCFA) was used as to label
ll segments spanned by the plaque.
The morphometry of each 3-mm interval was quantified
ith planimetry measurements utilizing image analysis soft-
are. Boundaries of vessel components corresponding to
ecrotic core, lipid pools, fibrous cap, and intima were
rawn onto digital images of histologic sections using
magePro software (Media Cybernetics, Silver Spring,
aryland). Plaque component areas were calculated from
he human-specified boundaries using BioQuant software
l infarction, who died of a cerebrovascular accident. (A and B) Coronary arteries
presentative section visualized with the combined Verhoeff elastic-Gomori
rized by a large lipid-rich necrotic core overlaid by a thin fibrous cap.cardia
of a re
aracteImage Analysis Corporation, Nashville, Tennessee).
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September 4, 2007:940–9 Focality of TCFA and Ruptured Plaquetatistical analysis. Continuous data are expressed as
ean  standard deviation. The 2-tailed Student t test was
sed to assess the significance of differences between 2
ample means in the absence of nesting. To account for the
act that variability in coronary lesion morphology may
eflect interarterial and/or interindividual differences, rather
han reflecting true differences among the morphologies of
oronary plaque subtypes, a nested analysis of variance
ANOVA) was implemented to compare more than 2 lesion
linical Characteristics at Time of Death
Table 1 Clinical Characteristics at Time of Death
Characteristics
Overall
(n  50)
CV Death
(n  33)
Non-CV Death
(n  13)
Demographic profile
Male gender, n 32 (64) 22 (44) 7 (14)
Mean  SD age, yrs 73.0 9 71.8 10 72.8 8
Medical history, n
Hypertension 12 (24) 9 (18) 3 (6)
Prior MI 8 (16) 5 (10) 3 (6)
Prior presentation of CHF 6 (12) 5 (10) 0 (0)
Chronic smoker 5 (10) 3 (6) 0 (0)
Prior CABG 4 (8) 4 (8) 0 (0)
NIDDM 4 (8) 4 (8) 0 (0)
IDDM 3 (6) 3 (6) 0 (0)
Cause of death, n
CV-related 33 (66)
MI 14 (28)
Cerebrovascular accident 8 (16)
Cardiac arrest 5 (10)
Cardiomyopathy 1 (2)
CHF 3 (6)
Other cardiac 2 (4)
Non–CV-related 13 (26)
COPD 5 (10)
Cancer 3 (6)
Pulmonary embolism 1 (2)
Septicemia 1 (2)
Other 3 (6)
Unknown 4 (8)
alues in parentheses are %.
CABG  coronary artery bypass graft; CHF  congestive heart failure; COPD  chronic
bstructive pulmonary disease; CV cardiovascular; IDDM insulin-dependent diabetes mellitus;
I  myocardial infarction; NIDDM  noninsulin-dependent diabetes mellitus; SD  standard
eviation.
istribution of Ruptured Plaque and Fibrous Cap Atheroma by Gend
Table 2 Distribution of Ruptured Plaque and Fibrous Cap Ather
n
Ruptured
Plaque
Fibr
Cap <65 m 65 m
Men 32 14 (0.44) 20 (0.63)
Women 18 5 (0.28) 3 (0.17)
CV 33 15 (0.45) 18 (0.55)
Non-CV 13 4 (0.31) 4 (0.31)
() rupture 14 19 (1.36) 17 (1.21)
() rupture 36 0 (0) 6 (0.17)
Total 50 19 (0.38) 23 (0.46)ntries indicate number of plaques, and values in parentheses represent average number of plaques per
CV  cardiovascular.lass means when nesting was present. A hierarchical tree was
onstructed to describe the relationships among the lesions
hat were found, nesting them first within epicardial coro-
ary arteries (left anterior descending coronary artery, left
ircumflex artery, right coronary artery) and second within
onor hearts. To determine whether coronary lesions were
andomly distributed, we first divided the vessel distances
nto 20-mm categories. Following Wang et al. (22), if
oronary lesions were equally likely to occur across the vessel
istance categories, we assumed that the observed number
f lesions would be approximately uniformly distributed.
e used the chi-square test to test this assumption, and
eparately to assess the significance of differences between
ategorical variables. A p value of 0.05 was considered
tatistically significant.
esults
aseline characteristics and lesion prevalence. Fifty
hole hearts were received and analyzed within 72 h of
eath. The donors ranged in age from 55 to 93 years with a
ean age of 73 years. Sixty-four percent (64%) of the hearts
ere from male donors (Table 1).
A total of 212 advanced coronary lesions (defined as
uptured plaque and fibroatheroma) were identified and
lassified as follows: 19 (9.0%) ruptured plaque, 23 (10.8%)
CFA, 23 (10.8%) MCFA, and 147 (69.3%) ThCFA
Table 2). The prevalence of advanced lesions was 100%
i.e., every heart in the study contained at least 1 fibroathe-
oma or ruptured plaque). Men contained significantly more
dvanced lesions of all types than women (5.13/heart vs.
.67/heart, p  0.001), and the CV group contained
ignificantly more advanced lesions of all types than the
on-CV group (4.67/heart vs. 3.08/heart, p  0.001).
One or more TCFAs were present in the coronary
rteries of 14 hearts (28%), 1 or more ruptured plaques were
resent in the coronary arteries of 14 hearts (28%), and 8
earts (16%) contained both TCFA and ruptured plaque.
mong the 20 hearts with at least 1 ruptured plaque or
CFA, the mean number of TCFA was 1.15  1.23 per
eart, and the mean number of ruptured plaques was 0.95
ause of Death, and Presence of Rupture
by Gender, Cause of Death, and Presence of Rupture
ap Atheroma
Total
p Value
(Chi-Square)ap <100 m Cap >100 m
0.47) 115 (3.59) 164 (5.13) 0.001
0.44) 32 (1.78) 48 (2.67)
0.55) 103 (3.12) 154 (4.67) 0.001
0.23) 29 (2.23) 40 (3.08)
0.29) 55 (3.93) 95 (6.79) 0.001
0.53) 92 (2.56) 117 (3.25)
0.46) 147 (2.94) 212 (4.24)er, C
oma
ous C
< C
15 (
8 (
18 (
3 (
4 (
19 (
23 (patient in each group.
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Focality of TCFA and Ruptured Plaque September 4, 2007:940–9.83 per heart. Among the 14 hearts with at least 1 ruptured
laque, the incidence of TCFA (1.21  1.48/heart) was
ignificantly higher compared with hearts with no ruptured
laque (0.17  0.38/heart, p  0.001).
laque morphometry. Necrotic core area measured in
bsolute terms was significantly greater in ruptured
laque (2.2  1.9 mm2) than ThCFA (1.1  1.4 mm2,
 0.001), and significantly greater in TCFA (1.6  1.8
m2) than ThCFA (p  0.028). As a percentage of
ntimal area, necrotic core size was significantly different
etween ruptured plaque and ThCFA (31.0  3.6% vs.
7.2  1.8%, p  0.0034), though similar for all other
airs (Fig. 2).
Thick-capped fibroatheroma also had significantly longer
brous caps in longitudinal section (6.3  3.5 mm) than
ther advanced coronary lesions (Table 3) (not shown:
 0.05 for each t test pair). No difference could be found
n necrotic core length (2.7  2.0 mm and 1.9  3.6 mm,
espectively) or fibrous cap length (5.4 2.8 mm and 4.2
.7 mm, respectively) between TCFA and ruptured plaque.
nder a nested ANOVA analysis, interartery or interindi-
p = 0.003
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Figure 2 Necrotic Core Size of Advanced Coronary Lesions
The mean necrotic core size of thick-capped fibroatheroma (ThCFA) was signifi-
cantly lower than the necrotic core size of ruptured plaques in our study. Mean
necrotic core size is reflected as a percentage of intimal area for ruptured
plaque and fibrous cap atheroma. MCFA  medium-capped fibroatheroma;
TCFA  thin-capped fibroatheroma.
orphometric Dimensions of Ruptured Plaques and Fibrous Cap At
Table 3 Morphometric Dimensions of Ruptured Plaques and Fib
Ruptured Plaque
(n  19)
Cap <65 
(n  23)
Minimum cap thickness, m 0* 44 18
Length of fibrous cap, mm 4.2 2.7 5.4 2.8
Necrotic core area, mm2 2.2 1.9 1.6 1.8
Length of necrotic core, mm 1.9 3.6 2.7 2.0alues are reported as mean  standard deviation. *By definition ruptured plaques have an observable
ANOVA  analysis of variance; N/A  data not available.idual differences in the measured morphologic variables of
single class of advanced coronary lesion were not signifi-
ant (p  0.05).
requency of TCFA and ruptured plaque. To compen-
ate for variations in plaque length, we analyzed the number
f short (3-mm) coronary segments as well as unique
oronary plaques. Of 3,639 short coronary segments ana-
yzed, only 53 (1.5%) were classified as TCFA and 44
1.2%) as ruptured plaque (Fig. 3).
In patients dying of CV causes, 41 of 2,574 segments
1.6%) were classified as TCFA, and 31 of 2,574 (1.2%)
ere classified as ruptured plaque. In patients dying of
on-CV or unknown causes, 12 of 1,065 segments (1.1%)
ere classified as TCFA, and 13 of 1,065 segments (1.2%)
ere classified as ruptured plaque.
In total, 30 hearts (60%) contained no ruptured plaque or
CFA. In 11 of the 20 hearts containing 1 or more TCFA
ata
Cap Atheromata
Fibrous Cap Atheroma
ANOVA
65 m < Cap <100 m
(n  23)
Cap >100 m
(n  147)
79 19 232 135 0.001
3.7 1.7 6.3 3.5 0.17
1.3 3.6 1.1 1.4 0.63
N/A N/A 0.29
Intimal thickening
and other
non-atheromatous
vessel pathology
86.9%
Ruptured plaque
1.2%
TCFA  1.5%
MCFA  1.1%
ThCFA  9.4%
Figure 3 Frequency of Advanced Coronary Lesions
Frequencies of ruptured plaque and fibrous cap atheroma in all hearts studied
are provided as a percentage of the total 3,639 coronary intervals of length 3
mm examined. Nonfibroatheromatous intervals accounted for the majority of
coronary intervals, where TCFA and ruptured plaque together were observed in
2.7% of the coronary intervals. Abbreviations as in Figure 2.herom
rous
mminimum cap thickness of zero.
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September 4, 2007:940–9 Focality of TCFA and Ruptured Plaquer ruptured plaques (55%), these lesions accounted for 10
m of total coronary length (Fig. 4A). Moreover, ruptured
laque and TCFA were often clustered, being contained
ithin 2 or fewer nonoverlapping 20-mm coronary seg-
ents in 16 of the 20 hearts (80%) containing these lesions
Fig. 4B).
patial distribution of TCFA and ruptured plaque. Rup-
ured plaques and TCFA clustered in the proximal left
nterior descending and left circumflex arteries (Figs. 5A
nd 5B); 50% of all ruptured plaques and TCFA were
resent within the first 22 mm, and 90% within the first
3 mm of the left anterior descending and left circumflex
rteries (Fig. 6). Within the right coronary artery, 50% of
ll ruptured plaques and TCFA were observed within the
30
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Figure 4 Focal Distribution of TCFA and Ruptured Plaque
Twenty of 50 hearts in our study (20 of 50) contained at least 1 thin-capped
fibroatheroma (TCFA) or ruptured plaque. (A) A majority of these hearts (11 of
20) contained TCFA and ruptured plaque within 10 mm or less of coronary tis-
sue. (B) In addition, a majority of the 20 hearts (12 of 20) contained TCFA and
ruptured plaque within a single, contiguous 20-mm coronary segment. In 1
heart with widely distributed fibroatheromatous disease, 5 such 20-mm seg-
ments were required to contain all instances of TCFA and ruptured plaque.rst 31 mm, and 90% within the first 74 mm (Fig. 6). iiscussion
ur findings demonstrate that TCFA and ruptured plaques
n human coronary arteries are infrequent and focally
istributed. On average, TCFA and ruptured plaque occu-
ied 3% of the coronary artery length examined. These
tructures clustered in the proximal left anterior descending
oronary artery and left circumflex artery, and were more
niformly distributed in the right coronary artery. These
ndings, which were obtained with a novel longitudinal
ectioning method and aided by computerized morphome-
ry, reinforce and extend previous findings obtained by serial
ransverse sectioning (8,36,37). Prior autopsy studies report-
ng a low frequency of these structures had been criticized
or the possibility that TCFAs and ruptured plaques could
ave been missed if they occurred in the tissue between cross
ections. The present study, with its longitudinal sectioning,
s not subject to this criticism and yielded a similar answer.
ince TCFA and ruptured plaques are considered to be
recursors of intracoronary thrombi, these findings support
he testing of vulnerable plaque detection and treatment
trategies.
requency of TCFA and ruptured plaque. Thin-capped
broatheroma and ruptured plaque are prevalent disease
ntities—20 of 50 hearts examined (40%) in our study
ontained at least 1 such lesion. Yet, within a given heart,
he lesions are not frequent; on average, each of the 20
earts contained only 2.1  1.7 TCFA and/or ruptured
laques. Moreover, when present, these lesions clustered
ithin only 1 or 2 nonoverlapping 20-mm segments in 80%
f cases. The finding in the present study that approximately
0% of hearts had more than 1 TCFA or ruptured plaque is
ompatible with clinical findings (38,39) that about 10% of
atients undergoing a stenting procedure experience a clin-
cal event in the following year that is caused by a second
esion. Thus, the suspected precursor lesions to ACS and
udden death are prevalent within the population, but
nfrequent and focally distributed in individuals.
As expected, the frequency of TCFA and ruptured
laques was greater in individuals dying of a CV cause than
n those dying of non-CV or unknown causes. Thin-capped
broatheroma were also more likely to be found in patients
ith a ruptured plaque elsewhere in the coronary arterial
ree. The incidence of TCFA in hearts that contained at
east 1 plaque rupture was 1.21/heart, which is similar to the
ncidence of 1.22 TCFA/heart reported by Farb et al. (8) in
ictims of sudden coronary death.
Previous reports of TCFA frequency using clinical imag-
ng tools such as intravascular ultrasound imaging and
ngioscopy (7,40) have suggested much higher frequencies,
ith as many as 3.0 TCFA/cm reported in ACS patients.
he limitations of these imaging tools, however, prevent an
ccurate determination of cap thickness and plaque compo-
ition and do not enable one to reliably differentiate lipid
nd fibrotic tissue (41). Intravascular ultrasound, a promis-
ng in-vivo technology, currently has a resolution in the
r
d
c
p
r
w
r
t
p
p
l
a
T
a
p
i
S
l
a
T
i
c
946 Cheruvu et al. JACC Vol. 50, No. 10, 2007
Focality of TCFA and Ruptured Plaque September 4, 2007:940–9ange of 100 to 200 m (42), which is too coarse to
istinguish TCFA from medium and ThCFA. Similarly,
olor intensity mapping by angioscopy is known to classify
laques as vulnerable, which do not correlate with TCFA or
uptured plaque by histology (43). Histologic examination,
hich is the gold-standard for detection of TCFAs and
uptured plaques, enables one to assess the native error in
hese in-vivo imaging techniques.
Despite the low frequency of TCFA and ruptured
laques in the present report, there was evidence of a
an-coronary process of atherosclerotic involvement in se-
Figure 5 Spatial Distribution of Advanced Coronary Lesions
The number of hearts with ruptured plaque, thin-capped fibroatheroma (FA), and ot
coronary vessel ostium. (A) Left anterior descending artery (LAD). (B) Left circumflect patients; when 1 ruptured plaque was present, 1 or more udditional ruptured plaques were present in 28.6% of cases.
his finding of multiple advanced plaques is consistent with
prior angiographic study, which identified multiple com-
lex plaques in 40% of patients with acute myocardial
nfarction (20).
patial distribution of TCFA and ruptured plaque. Our
ongitudinal sectioning data confirm prior cross-sectional
nalyses by Farb et al. (8) and Davies (44) indicating that
CFA and ruptured plaques are concentrated in the prox-
mal portions of the left anterior descending and left
ircumflex coronary arteries and are more uniformly distrib-
, in millimeters from the
ery (LCX). (C) Right coronary artery (RCA).her FA
ex artted in the right coronary artery. This accumulated autopsy
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September 4, 2007:940–9 Focality of TCFA and Ruptured Plaquevidence fits well with angiographic studies that have
emonstrated similar locations of the culprit lesions causing
CS (22). The localization of TCFA in the same regions
here ruptured plaques and angiographic culprit lesions
ave been found supports the concept that TCFAs are the
recursor lesions to rupture and thrombosis. This geo-
raphic concentration of risk also supports the feasibility of
fforts to invasively identify vulnerable plaque with catheter-
ased systems discriminating plaque morphology, chemical
omposition, or metabolic activity.
Several explanations have been put forward to explain the
endency of advanced plaques to develop preferentially in
ertain anatomic locations. The tortuosity and frequent
ranching of certain portions of the coronary vessels result
n significant variations in shear stress (45). Low shear stress
as been implicated in the migration of lipids and mono-
ytes into the vessel wall (45), processes that could accelerate
he progression of an atherosclerotic lesion towards a TCFA
nd ruptured plaque.
elationship between necrotic core size, cap thickness,
nd plaque rupture. Our finding of an inverse relationship
etween necrotic core size and cap thickness in a variety of
dvanced lesions is similar to that reported in a study of
udden coronary death victims (37). The mean necrotic core
ize was greatest in ruptured plaques, followed by TCFA,
nd then other fibroatheromas, suggesting that as the
ecrotic cores of TCFA enlarge they may become more
ikely to rupture. The association of increased necrotic core
ize with plaque rupture is still compatible with observations
hat ruptures frequently occur at sites of low percentage
tenosis because outward remodeling may occur.
The pathophysiology underlying the inverse relationship
etween necrotic core size and reduction in cap thickness is
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Figure 6 Cumulative Frequency
Distribution of TCFA and Ruptured Plaque
The cumulative frequency distribution curve of thin-capped fibroatheroma (TCFA)
and ruptured plaque in each of 3 coronary arteries demonstrates a more dif-
fuse distribution of these lesions in the RCA than in either branch of the left
main coronary artery. Abbreviations as in Figure 5.nknown. Activated macrophages in necrotic core secrete catrix metalloproteases and collagenases (46), which may
etard the development of a thick, protective, collagen-rich
ap through direct degradation of matrix proteins and by
ntagonizing the actions of smooth muscle cells. Alterna-
ively, the presence of a thick fibrous cap may act as a
hysical barrier to the migration of inflammatory cells from
he lumen, resulting in diminished growth of the necrotic
ore. A consequence of the inverse relation between cap
hickness and necrotic core size is that plaques that are most
usceptible to rupture also contain the greatest amount of
hrombogenic necrotic material.
tudy limitations. Several limitations of the present anal-
sis should be appreciated. First, the hearts were obtained
rom a research tissue procurer (National Disease Research
nterchange), and are not a representative sample of the
eneral population or a specific subset of patients. Second,
ecause of confidentiality issues, certain historical informa-
ion was unavailable, for example, serum cholesterol levels
efore death. Third, preparation of the samples included
ushing, which would wash out luminal thrombi, preclud-
ng detection of culprit lesions and estimation of the
requency of erosion sites, the second most frequent cause of
cute coronary thrombosis (47). Fourth, the longitudinal
ectioning did not sample all portions of the artery; approx-
mately 25% of coronary length was not sampled due to
andling of tissue specimens, and in segments that were
ampled, eccentric plaques occupying 180° of arc could
ave been missed since, at most, 2 sections were made on
pposite sides of the artery. However, the majority of
CFA occupy180° of arc (48), and thus it is unlikely that
he principal conclusions regarding precursor lesion fre-
uency and focality would be altered. Fifth, since this study
s autopsy-based, we have no information on the temporal
ourse of vulnerability. Thin-capped fibroatheroma and
uptured plaques may arise and resolve quickly (49), or they
ay develop gradually over many years—in either case, the
ime course of these lesions cannot be definitively identified
rom histologic ‘snapshots’ provided by autopsy specimens.
mplications of focality of suspected precursor lesions for
etection and treatment of vulnerable plaque. The find-
ngs of the present study are of considerable importance for
he ongoing debate regarding the focal versus systemic
eatures of the mechanism through which atherosclerosis
roduces clinical events. The vital question concerns the
istribution of risk along the length of a coronary artery—is
isk concentrated in a single or small number of sites that
ould be identified and treated before an event, or is risk
riven by a systemic process and distributed in a relatively
niform manner throughout the artery? The limited, focal
ccurrence of TCFA and ruptured plaques observed in our
tudy, and the predilection of these presumably high-risk
tructures to occur in certain portions of the coronary
essels, supports the proposition that coronary risk is con-
entrated in a relatively circumscribed segment of the
oronary arterial tree. It is well known that the high-risk
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Focality of TCFA and Ruptured Plaque September 4, 2007:940–9esions that cause events in many cases do not cause flow
imitation before their rupture (4,14,37). Our finding of a
ocal distribution of suspected precursor lesions supports
fforts to develop novel tools to identify these structures that
ay occur at sites with and without flow-limiting stenoses.
f such locations could be identified, and treated by focal,
egional, or systemic therapy, it may be possible to reduce
he high incidence of secondary coronary events that cur-
ently occur in ACS patients despite application of the best
herapeutic options available (34,50,51).
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